Abstract: This study investigated strain differences in brain damage
The severity of normal tissue reactions after radiotherapy varies considerably among patients. Several studies have addressed individual radiosensitivity with respect to genetic factors [1] [2] [3] [4] [5] [6] . However, much remains unknown about the association between genetic variation and clinical radiosensitivity. Survivors of brain malignancies of various types who undergo brain irradiation, have a risk of developing adverse effects such as brain necrosis, moyamoya syndrome, atonic seizure, behavioral changes, or metabolic disorders [7, 8] . Sato et al. described four patients who developed symptomatic radiation necrosis after CyberKnife treatment [9] . Khan [10] . These reports suggest that normal tissue reactions vary considerably after brain irradiation. We examined the mechanism of individual radiosensitivity in murine models and gene expression analyses revealed inter-strain variations in the normal responses of the skin, lung, or intestine after irradiation [11, 12] . The present study investigated inter-strain differences in brain damage immediately after local irradiation in A/J, C57BL/6JNrs and C3H/HeNrs mice. Many reports suggest that brain damage generally appears from several months to years after irradiation with pathological changes in brain tissue [13] [14] [15] [16] . Behavioral and histological studies of early effects are rare. Here, we measured spontaneous locomotor activity (SLA) as a parameter of brain function in irradiated mice.
Male inbred mice of the A/J, C57BL/6JNrs and C3H/ HeNrs strains maintained at a specific-pathogen-free facility at the National Institute of Radiological Sciences (NIRS) were irradiated at the age of 12 weeks. A maximum of five mice were housed in cages at 22°C to 24°C under a 12-h dark cycle (lights on from 0700-1900 h) with free access to a standard laboratory diet and water. The NIRS Institutional Animal Care and Use Committee reviewed and approved the study (protocol number . Groups of five mice were fixed horizontally on plastic boards and irradiated with 290 MeV/u of carbon ion beams from a 5-mm spread-out Bragg peak (SOBP) delivered from the Heavy Ion Medical Accelerator in Chiba (HIMAC) at NIRS Japan as described previously [13] . Figure 1 shows the irradiated area. The whole brain excluding the eyes and brain stem was irradiated through a circular collimator with a 10 mm diameter (Fig. 1) . The mice were anesthetized with 50 mg/kg of pentobarbital during irradiation that was delivered at approximately midnight (0000 h). Non-irradiated control mice were anesthetized and underwent sham irradiation. Individual measures of locomotor activity were continuously recorded for 7 days. Locomotion scores were calculated as averages per hour over 3 h. The system for behavioral measurements consisted of a Supermex, sound-attenuating chamber, a 64-channel interface and a personal computer with CompACT AMS software (Muromachi Kikai, Japan) [14, 15] . Spontaneous motor activities of the mice were individually measured in home cages of the Supermex system in which a sensor detects body heat.
Post hoc comparisons were applied if a significant main effect or interaction was found at P<0.05.
The locomotor activities of non-irradiated and irradiated A/J, C57BL/6JNrs and C3H/HeNrs mice obviously differed. Non-irradiated C57BL/6JNrs mice were more active than non-irradiated A/J mice (Fig. 2 ). This inter-strain variance became more obvious immediately after irradiation, as the activities of A/J and C3H/HeNrs mice diminished. Figure 3 shows the effect of carbon ion irradiation on total locomotor activity per day, which was calculated by adding up all of the 30-min counts for each day. The altered activities in all three strains of irradiated mice gradually recovered within three to four days. The activities of A/J and C3H/HeNrs per day were suppressed immediately after irradiation and increased thereafter. The time-dependent changes varied among the three strains. Figure 3 shows that the total activity of C57BL/6JNrs mice per day did not differ from that of non-irradiated C57BL/6JNrs mice, although the onset of the active and inactive phases changed within one day The activity of C57BL/6JNrs mice increased at the beginning of the active phase and this continued for three days after irradiation (Fig. 2B) .
The difference between irradiated and non-irradiated mice was calculated as: Ratio of SLA counts = SLA of irradiated mice / SLA of non-irradiated mice.
It revealed significant inter-strain variation between A/J and C57BL/6JNrs mice (Fig. 4) . We investigated the effects of local brain irradiation in a mouse model by monitoring SLA. Hossain and Devi investigated the effect of low dose irradiation of mice at the early fetal stage on adult brain function using locomotor activity as the indicator [20] .
Several other studies have addressed inter-strain differences in brain function. Correa et al. compared motor behavior and enzymatic changes in the brains of outbred Swiss or CD1, and inbred BALB/c, C57BL/J6 or DBA/2 mice after acute lead intoxication [21] . None of the strains differed after exposure to saline or lead. However, strain-dependent differences were evident in sham-treated mice of several strains such as in forced swimming and tail stretching responses. Yoshikawa identified multiple genetic loci linked to the propensity for behavioral despair in mice [22] . To identify genetic determinants of the duration of immobility in the forced swim and tail suspension tests, they analyzed F2 mice from an intercross between C57BL/6 and C3H/He strains. The QTL (quantitative trait linkage) analysis revealed gamma-aminobutyric acid type A receptor subunits and expression analysis of this gene displayed significantly lower expression of the alpha1 subunit gene in the frontal cortex of C57BL/6, compared with C3H/He mice. Such qualitative and quantitative analyses of physiological variations in mouse models might help to identify genetic factors associated with human brain damage after irradiation.
In conclusion, the early response of the brain determined as locomotor activity varied in three strains of locally irradiated mice. Complex biological pathways that are affected by strain-dependent factors appear to be involved in strain-dependent physiology of the brain during radiation-induced early damage and recovery. 
